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An NMR study on the -hairpin region of barnase
José L Neira and Alan R Fersht
Background: The -hairpin of barnase (residues Ser92–Leu95) has been
proposed in theoretical and protein engineering studies to be an initiation site for
folding [1]. There is evidence for residual structure in this region from NMR
studies of the denatured protein under different denaturing conditions [2,3]. A
more detailed analysis is possible by NMR studies of isolated fragments. 
Results: Protons of fragments B(80–110) and B(69–110) in 6 M urea have non-
random chemical shifts. Non-native long-range and medium-range NOE contacts
with the aromatic moiety of Trp94 indicate that it is involved in a -turn-like or 
-helix-like conformation. Also, the sidechains of Trp71, Tyr79, Phe82, Tyr90,
Tyr97, His102, Tyr103 and Phe106 show non-native hydrophobic contacts.
Non-random conformational shifts and sequential NN(i, i+1) NOE contacts are
clustered to one of the -strands and one of the loop regions. 
Conclusions: The hairpin region of barnase adopts -turn-like or -helix-like
conformations, which are weakly populated even in 6 M urea. The hairpin region
is a potential nucleation site in folding that may consolidate on docking with the
first -helix. The other residues that have conformational preferences form a 
-strand and one of the loop regions in the native intact protein, but they do not
constitute a nucleation site. 
Introduction
A complete resolution of a folding pathway requires the
description of all states along the reaction coordinate: the
starting point (the denatured state); all the intermediate
states; the high energy transition states; and the final
folded state. The conformations of folded states can be
characterized by X-ray and NMR techniques. Intermedi-
ates states appearing late in the folding reaction can be
described by NMR [4] and the protein engineering
method [1,5]. The latter technique is the only experimen-
tal method for mapping transition states at the level of
individual residues and has been applied to barnase, chy-
motrypsin inhibitor 2 (see [6] for a review) and chemotac-
tic protein (CheY) [7]. In contrast, little is known about
the early events that precede the formation of those inter-
mediates and the main transition state. It is important to
understand the nature of the early states for a complete
and detailed knowledge of the folding pathway. 
It has been suggested that folding initiates by formation
of nucleation sites, involving residues very close in the
structure [8,9]. It has been proposed that nucleation sites
are weakly populated in the denatured states, but they
develop in the transition state on making long-range
interactions [10,11], a result supported by lattice simula-
tions [12]. Hydrophobic burial has been postulated to
drive the formation of those sites [13], but only when
there are a sufficient number of hydrophobic residues
involved [14]. There are now several NMR studies of
denatured proteins which all find evidence of clustering
around hydrophobic residues but with few, if any, tertiary
interactions [15]. 
Barnase is the extracellular ribonuclease produced by the
prokaryote Bacillus amyloliquefaciens. It is a small
monomeric (110 residues, 12382 Da)  +  single domain
enzyme with three -helices in the first 45 residues and
five antiparallel -strands in the last 65 residues (Fig. 1).
The elements of secondary structure are the following: the
N-terminal region (residues 1–5); -helix1 (residues 6–18);
loop1 (residues 19–25); -helix2 (residues 26–34); loop2
(residues 35–40); -helix3 (residues 41–46); -turn
(residues 47–49); -strand1 (residues 50–55); loop3
(residues 56–69); -strand2 (residues 70–76); loop4
(residues 77–84); -strand3 (residues 85–91); -turn
(residues 92–95); -strand4 (residues 96–99); loop5
(residues 100–105); -strand5 (residues 106–108); and C-
terminal residues (residues 109–110). The structures of an
intermediate and the transition state of barnase folding
have been characterized by a combination of the protein
engineering method and NMR [16–19]. The structures of
both species resemble a distorted form of the native state,
with the two -helices formed in their central and C-ter-
minal region. The protein engineering procedure used to
describe those states has been discussed extensively else-
where [1,6,7]. Briefly, site-directed mutagenesis is used to
remove a suitable sidechain interaction. The resulting
mutant is characterized by equilibrium denaturation
experiments (changes in stability upon mutation) and by
kinetic unfolding and refolding experiments (measure-
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ment of changes in activation energies and energy levels
of transition state or any intermediate). We can describe
the extent of the interaction of each residue at different
states of the folding pathway by the ratio of the change in
energy level of a transition state or a folding intermediate
on mutation to the change in the overall free energy of
folding. This gives a series of values of a parameter . A
value of  = 0 implies that the structure at the site of
mutation (in the transition or in the intermediate state) is
as unfolded as it is in the unfolded state. In contrast,  = 1
indicates that the structure at the site of the mutation is as
folded as it is in the folded state. The fractional values
result from incomplete formation of structure due either
to partial non-covalent bond formation or parallel folding
pathways.
Studies of denatured states may be complemented by
NMR analysis of protein fragments. In barnase, using the
protein engineering method, we have shown that frag-
ments comprising the -helical N-terminal sequence have
very little helical structure [20,21] as does the denatured
state of the intact protein [2,3]. There is evidence of struc-
ture in the denatured state in the last -turn of the protein
(residues Ser92–Leu95) [2,3]. It has been proposed that
this region constitutes an initiation site for folding [1].
Here, we study several C-terminal fragments which com-
prise the -turn region. In order to produce very large
fragments, we have used the protein engineering proce-
dure developed on barnase [20] and chymotrypsin
inhibitor 2 [22,23] of introducing a methionine at a spe-
cific position of the polypeptide chain followed by cleav-
age with cyanogen bromide. Our studies show the
presence of a hydrophobic clustering centred around
Trp94, even in the presence of high urea concentrations.
These results, with previous protein engineering studies,
suggest that this region may act as an initiation folding site
in the very early events of barnase folding.
Results
In order to identify the presence of residual structure in
every fragment, we have used a combined strategy of ana-
lyzing the chemical shifts, the temperature coefficients
and NOESY data. We have not used the coupling con-
stant, 3JNHH, mainly because signal overlapping pre-
cludes its measurement (only those of B(96–110) could be
measured for all the residues, which were all random coil
values).
B(69–110) and B(80–110) fragments
B(80–110) corresponds to half of loop4, -strand3, the -
turn region, -strand4, loop5, -strand5 and the last two
residues of native barnase; B(69–110) comprises the same
elements of secondary structure, -strand2 and the com-
plete loop4. Both fragments are highly insoluble in water,
but can be studied in 6 M urea. Sample aggregation was
tested by measuring the linewidths and chemical shifts in
1D-NMR experiments for every peptide at different con-
centrations. No changes were observed in the concentra-
tion range examined (0.25–2.5 mM). Although there are
large overlaps of the signals under these conditions (espe-
cially in B(69–110)), the fragments are short enough to
provide an almost complete assignment of the resonances.
The assignments of both fragments are provided as Sup-
plementary material. Selected regions of a NOESY experi-
ment on B(80–110) are shown in Figure 2.
Chemical shift analysis
The factors affecting chemical shifts are numerous and
they are not fully understood. However, semi-empirical
and theoretical approaches have indicated the structural
information inherent in chemical shift values [24,25]. Sig-
nificant deviations in chemical shifts from values for
model compounds provide preliminary evidence for ‘non-
random’ conformations [26]. Here, we have used the
accepted ranges for the random coil outside which devia-
tions are considered to be significant:  > 0.2 ppm for
labile protons and  > 0.1 ppm for non-labile protons
[2,3,27].
In B(69–110) (Fig. 3a) and B(80–110) (Fig. 3b), the confor-
mational shifts for the H protons are nearly the same in
the common regions for both fragments, i.e. in half of
loop4, -strand4, the -turn region, -strand4, loop5, -
strand5 and the last two residues. Small differences (on
average ± 0.05 ppm) are observed for the H protons of
residues between Thr99, Asp101 and Thr105. There are
several possible explanations for these H chemical shift
differences. Subtle changes in the pH and urea concentra-
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Figure 1
General overview of barnase, produced with MOLSCRIPT [52],
indicating the mutated residues.
L95
G68
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Research Paper An NMR study on the -hairpin region of barnase Neira and Fersht    233
Figure 2
NOESY spectra: selected regions of a
NOESY spectrum acquired in B(80–110) at
5°C. The aromatic resonances of Trp94 are
indicated, and medium-range and long-range
NOE contacts are labelled. These contacts
are indicated in Table 1. The Leu95 Me and
Ile96 Me protons show the same chemical
shift. Some of the indicated signals probably
involve contacts with both methyl groups. The
contact between the 4H proton of Trp94 and
Asp93 H is observed at a lower contour
level.
Figure 3
Conformational shifts for (a) B(69–110), (b)
B(80–110) and (c) B(96–110). Differences
between the chemical shifts of NH in every
fragment and the NH of model compounds
[26] (left) (∆NH = ∆NHfragment – ∆NHrandom
coil). Differences between the H protons in
every fragment and those of model peptides
[26] (right) (∆H = ∆Hfragment – ∆Hrandom
coil). The lines in the NH and H protons
indicate the range accepted for the random
coil. The H protons of Thr99 and Thr107 in
B(80–110) were tentatively assigned and they
are not represented. In B(69–110), the H
protons of Arg72 and Thr79, and the NH of
Ser91, were tentatively assigned and they are
not represented. Amino acids have been
numbered according to the intact protein.
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tions can render small changes in chemical shifts. Also, the
differences can be attributed to changes in the conforma-
tional preferences of the aromatic chains (Tyr97, His102,
Tyr103 and Phe106) in the fragments. More difficult to
explain is the behaviour of Asp93, for which the H con-
formational shift in B(69–110) is close to zero. Probably
this results from an altered position of the aromatic
sidechain of Trp94 (see Discussion). The cluster of nega-
tive deviations in both fragments for the H protons of
residues Ile88, Asp93, Leu95 and Ile96 provides initial
evidence of the presence of stable structured conforma-
tions (Fig. 3a,b). 
The NH protons are very sensitive to any change in envi-
ronment [25], and it is not clear whether they are a reliable
indicator of residual structure. However, deviations from
the accepted random-coil values are observed in the C-ter-
minal region and residues Ser92, Leu95, Ile96 and Tyr97
in both fragments. Also, in B(69–110) deviations are
observed in the NH protons of Thr78 and Phe82. Interest-
ingly, these residues are involved in NN(i, i+1) contacts
(see below). 
A comparison between the NH protons of common
residues in both fragments indicates minor differences in
region Ile88–Tyr97. They may result from the same effect
described for the H proton of Asp93. 
Comparison with the chemical shifts of urea-denatured barnase.
The chemical shifts of H protons for common residues in
the urea-denatured state of barnase and fragments are the
same, suggesting a similar chemical environment
(Fig. 4a,b). Only the H proton of Gln104 appears to be
downfield shifted. This discrepancy may be due to pre-
ferred orientations of the aromatic ring of Tyr103 in the
fragments.
There are systematic differences in chemical shifts of the
NH protons of both fragments when compared with those
of the urea-denatured barnase (Fig. 4a,b). Only those of
Ile88, Ile96 and Tyr97 deviate significantly from the rest,
although the chemical shift of Ile88 is similar under these
conditions to that in denatured barnase. The differences
result from different urea concentrations being used
(5.5 M for denatured barnase while 6 M urea for the frag-
ments) at different temperatures (30° and 5°C, respec-
tively). The chemical shifts of amide protons are known to
change with the temperature, and this change is repre-
sented by the temperature coefficients [28,29]. The chem-
ical shifts extrapolated at 30°C from the temperature
coefficients obtained (see next paragraph) are in good
agreement with those observed in the denatured intact
protein for Tyr97 [3] (data not shown). Differences in the
chemical shifts of Ile88 and Ile96 from those in denatured
barnase may result from different conformations of the
aromatic rings.
Temperature coefficient analysis
The temperature coefficients are in the range expected
for model compounds, indicating an absence of solvent
protection for amide protons (Figs 5,6). The smaller tem-
perature coefficient observed for Trp94 may be explained
by burial by the bulky hydrophobic sidechain, as has been
found in model compounds [29]1.
NOESY analysis
The NOESY spectra of both fragments are dominated by
the presence of strong sequential N(i, i+1) contacts, typical
of random-coil conformations (Figs 5,6). In both fragments,
however, there are NOEs that are inconsistent with
random-coil conformations. In B(80–110), a strong sequen-
tial NN(i, i+1) NOE between Asp93 and Trp94 is observed
(Fig. 6). Also in B(69–110), medium sequential NN(i, i+1)
NOEs are detected in the polypeptide patches comprising
residues Asp75–Asn77, Gly81–Arg83 and Asp93–Ile96
(Fig. 5). The NOEs involving residues located in loop4, i.e.
those between Gly81 and Arg83, are not observed in
B(80–110) because of the proximity to the N terminus. 
In B(80–110), the finding of one sequential NN(i, i+1)
NOE in the hairpin region, where deviations in the con-
formational shifts are observed, indicates the presence of
local non-random conformations, probably -turn-like or
-helix-like [30]. Further, the presence of a weak
(i, i+3) NOE contact between Leu95 and Ser92 sug-
gests the existence of -helix-like conformations (Fig. 6).
Trp94 can be used as a probe to check the presence of any
non-random conformation in the turn region, as all of its
aromatic protons are well defined, and the indole NH is
separated from the rest of the aromatic protons. Non-
native long-range and medium-range contacts are
observed with the sidechain of Trp94 (Fig. 2; Table 1).
Although, aromatic–aliphatic NOE contacts are observed
with the rest of the aromatic sidechains in the fragment,
the aromatic moiety of Trp94 is the only one involved in
long-range contacts (such as those with the H of Leu89;
Fig. 2). 
In B(69–110), the long-range contacts with the indole
signals of Trp94 are not observed, only those with the
234 Folding & Design Vol 1 No 3
1Wright and co-workers [29] have suggested that there is some
degree of conformational preference for the orientation of aromatic
residues even in model random-coil peptides. Although this effect
remains unclear, it results from an intrinsic property of the sequence,
as a consequence of the bulky aromatic chain. According to their
suggestions, the low temperature coefficient can be explained
because of this intrinsic sequence property. Also, they suggest that
the conformational shifts of H protons of the two residues either side
of the aromatic sidechain should be corrected. Taking into account
these corrections, the H chemical shifts of residues Ile88 and Leu95
would still be outside of the accepted random-coil value, and those of
Asp93 and Ile96 would be below, but very close to the range limit.
sidechain of Leu95 remain (Fig. 5). In the intact protein,
the aromatic sidechain of Trp94 is involved in tertiary
contacts with -helix1 [31,32] (Fig. 1), but no other con-
tacts are observed with residues involved in the -turn
region. Thus, the presence of the contacts with Trp94 in
both fragments indicates the existence of non-native
structure, although small changes in the conformational
preferences of the aromatic chain of Trp94 are observed
in B(69–110). 
Further, the rest of the aromatic residues show non-native
and medium-range contacts with other hydrophobic
sidechains (Figs 5,6), but essentially the same medium-
range and aromatic–aliphatic contacts are observed in both
fragments.
B(96–110) fragment
B(96–110) contains -strand4, loop5, -strand5 and the last
two residues. It is the only fragment that is soluble in
aqueous buffer and that does not contain the -turn
region. It was included in this study for two reasons:
firstly, to check the presence of non-native hydrophobic
contacts with Tyr97, His102, Tyr103 and Phe106 in larger
fragments, and secondly, to check the anomalous value of
Gln104 when comparison with assignment of the dena-
tured state of the intact protein with the larger fragments
was carried out. Sample aggregation was tested by measur-
ing the linewidths and chemical shifts in 1D-NMR. The
assignments of B(96–110) in aqueous buffer are provided
as Supplementary material.
Chemical shift analysis
Only the H proton of Asp101 is slightly upfield shifted,
probably from the proximity of His102 (Fig. 3c). This chem-
ical shift was observed in 6 M urea (data not shown) and a
similar value was reported in the chemical shift analysis of
the denatured state of the intact protein [3]. Also, the NH
protons of Phe106 and Ile109 are slightly downfield shifted.
Comparisons with the H chemical shifts of larger frag-
ments show excellent agreement (Fig. 4), indicating the
similar chemical environment for backbone protons.
Because of the sensitivity of NH protons to solvent condi-
tions, there are differences between those of B(96–110)
and the other two fragments.
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Figure 4
Comparison of chemical shifts in denatured
barnase and its fragments, (a) B(69–110), (b)
B(80–110) and (c) B(96–110). Differences
between the chemical shifts of NH in every
fragment and the NH of urea-denatured
barnase [3] (left) (∆NH = ∆NHurea-barnase –
∆NHfragment). Differences between the H
protons in every fragment and those of urea-
denatured barnase [3] (right) (∆H = ∆H
urea-barnase – ∆Hfragment). The H protons of
Thr99 and Thr107 in B(80–110) were tenta-
tively assigned and they are not represented.
In B(69–110), the H protons of Arg72 and
Thr79, and the NH of Ser91 were tentatively
assigned and they are not represented. Amino
acids have been numbered according to the
intact protein.
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Comparison with the chemical shifts of urea-denatured barnase.
The chemical shifts of H protons of B(96–110) are very
close to those observed in the urea-denatured state of
barnase [3] (Fig. 4c), except that of Gln104. The chemical
shift of this H proton is similar to those observed in
B(80–110) and B(69–110), as found when B(96–110) is
studied in the presence of 6 M urea (data not shown). The
differences with NH protons of urea-denatured barnase
result from the different temperature and solvent condi-
tions (Fig. 4c). Those differences are not observed when
B(96–110) is studied in the presence of 6 M urea (data not
shown).
Temperature coefficient analysis
The temperature coefficients are similar to those reported
for model compounds [28,29], thus indicating no solvent
protection.
NOESY analysis
The NOESY experiment is dominated by strong sequen-
tial N(i, i+1) NOEs typical of extended conformations
(Fig. 7). There are non-native hydrophobic contacts with
the aromatic sidechains of Tyr97 and Tyr103, although
less intense than in the larger fragments (the NOE con-
tacts between the aromatic chain of Tyr103 and the H of
Asp101 and those with the sidechain of His102 are too
weak to be unambiguously identified). Thus, B(96–110) is
mainly unstructured in water. Similar results were
observed in 6 M urea (data not shown). 
In conclusion, the results observed in B(96–110) indicate
that: (i) the conformational preferences around Tyr97,
His102, Tyr103 and Phe106 are not length-dependent and
they are due to local preferred conformations, and (ii) the
observed chemical shift for the H proton of Gln104 in
larger fragments is similar to that measured in B(96–110),
suggesting a preferred conformation of the polypeptide
chain in the three fragments.
Discussion
Comparison with urea-denatured state of barnase
The urea-denatured and pH-denatured states of barnase
have been assigned and compared [2,3]. In both dena-
tured states, regions with weakly formed residual structure
were ascribed to -helix1 and the last -hairpin. In the last
-hairpin, however, assignments were ambiguous because
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NOE connectivities for B(69–110). Sequence and summary of NOE
connectivities and temperature coefficients for the amide protons
(bottom) observed in 6 M urea for B(69–110). The thickness of the
lines reflects the intensity of the sequential NOE connectivities, i.e.
weak, medium and strong. The (N, , )N(, )(i, i+j) indicates an
observed contact between the H(N, , ) proton of a residue and the
NH(, ) proton of the i+j residue. The ‘sidechain-other’ label indicates
those NOE contacts between the aromatic sidechains and a proton of
another residue, the name of which is indicated at the end of the line.
An open rectangle indicates NOE contacts that are not observed
because of closeness to the spectrum diagonal, signal overlapping or
overlapping with water signal. The NOE contacts indicated for the
sidechain of Trp94 are also in Table 1. The uncertainty in temperature
coefficients is ± 1 ppb K–1. The elements of secondary structure are
indicated at the top. Amino acids have been numbered according to
the intact protein.
of overlap of signals. With fragments, we can solve this
ambiguity, as there are fewer resonances than in the intact
protein.
The -hairpin region is close to -helix1 in barnase
(Fig. 1), forming the major hydrophobic core [31,32]. No
interactions between the regions were observed in the
pH-denatured and urea-denatured states of the intact
protein [2,3]. Further, there are no tertiary interactions
observed at all in the solvent-denatured state of barnase.
As there are no tertiary interactions in the fragments and
solvent conditions are similar to those used in intact
barnase, we would not expect any significant differences
in the chemical shifts of the fragments and those of the
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Figure 6
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connectivities and temperature coefficients for the amide protons
(bottom) observed in 6 M urea for B(80–110). The thickness of the
lines reflects the intensity of the sequential NOE connectivities, i.e.
weak, medium and strong. The (N, , )N(, )(i, i+j) indicates an
observed contact between the H(N, , ) proton of a residue and the
NH(, ) proton of the i+j residue. The ‘sidechain-other’ label indicates
those NOE contacts between the aromatic sidechains and a proton of
another residue, the name of which is indicated at the end of the line.
An open rectangle indicates NOE contacts which are not observed
because of closeness to the spectrum diagonal, signal overlapping or
overlapping with water signal. The NOE contacts indicated for the
sidechain of Trp94 are in Table 1 also. The uncertainty in temperature
coefficients is ± 1 ppb K–1. The elements of secondary structure are
indicated at the top. Amino acids have been numbered according to
the intact protein.
intact protein, except from the different temperature
used. This has been shown in the H conformational shift
study for B(69–110) and B(80–110) (except for Gln104). 
The NOESY spectra of the fragments are similar to the
NOESY spectrum of urea-denatured barnase. In urea-
denatured barnase, however, only one NN(i, i+1) contact is
observed between residues Ile96 and Tyr97. In contrast, in
the pH-denatured state [3], sequential NN(i, i+1) contacts
are observed in regions Tyr78–Phe82 and Tyr90–Tyr97,
i.e. similar to the regions found in B(69–110) in urea. The
higher temperature in experiments on denatured barnase,
and thus higher mobility, may hamper observation of
sequential NN(i, i+1) NOEs in the intact protein. They
could still be present at lower temperature, where popu-
lated structures are more stable. Further, the fragments
may represent only a small fraction of the total possible
conformations of the denatured state. On the other hand,
the observed aromatic sidechain contacts with Trp94,
which were not assigned in barnase, can be now assigned
to the methylene and methyl protons of Leu95 and Ile96,
assuming that chemical shifts and NOE contacts are
similar in fragments and urea-denatured protein.
Comparison with theoretical simulations of barnase
folding
Simulations of the folding of the -hairpin region compris-
ing residues Ile88–Lys98 have been made — based on the
burial of non-polar area, mainchain hydrogen bonds and
local mainchain electrostatics — as being the most impor-
tant factors [33]. Non-native contacts were observed
between the sidechains during simulations, and there is a
hydrophobic patch predicted to be on one side of the
hairpin formed by the sidechains of Ile88, Tyr90, Trp94
and Ile96 [33]. In our experiments, we observe anomalous
conformational shifts in the H protons of Ile88 and
residues clustered around Trp94 (Fig. 3a,b) and also non-
native hydrophobic contacts with the other aromatic
sidechains (Figs 5,6,7). Further, there is a medium-range
NOE between the sidechain of Tyr90 and the H of Ile88
(and that of Leu89) in B(80–110) (Fig. 6) and weaker in
B(69–110) (Fig. 5). Thus, Ile88, Tyr90, Trp94 and Ile96
residues can get close enough in the fragments to form a
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Table 1
Medium-range and long-range NOE interactions with the
sidechain of Trp94 in 6 M urea in B(80–110) and B(69–110) —
the Leu95 Me and Ile96 Me protons show the same chemical
shift, and probably some of the indicated signals result from
contacts with both methyl groups.
Aromatic proton* NOE contacts†
B(80–110) B(69–110)
NH Leu89 H (m) —‡
Tyr90 NH (w)
Asp93 NH (w)
Leu95 H (m)
Leu95 Me (s)
2H (6H)§ Leu89 H (w)
Asp93 H (m)
Leu95 H (m) Leu95 H (w)
Leu95 Me (m) Leu95 Me (w)
4H Asp93 H (w)
Leu95 H (m)
Leu95 H (m) Leu95 H (w)
Leu95 Me (s) Leu95 Me (w)
5H Leu95 Me (m) Leu95 Me (w)
7H Leu95 Me (m) Leu95 Me (m)
*The nomenclature of the protons of the aromatic moiety was
according to Wüthrich [26]. †Intensity of the NOE contacts was
judged by visual inspection, counting the number of contour levels in
the NOESY spectrum, according to strong (s), medium (m) and weak
(w). The contacts with the own backbone protons of Trp94 are not
indicated. ‡The NH indole proton does not show any contact in
B(69–110). §The 2H and 6H protons show the same chemical shift. 
Figure 7
NOE connectivities for B(96–110). Sequence and summary of NOE
connectivities and temperature coefficients for the amide protons
(bottom) observed in aqueous solution for B(96–110). The thickness
of the lines reflects the intensity of the sequential NOE connectivities,
i.e. weak, medium and strong. The (N, , )N(, )(i, i+j) indicates an
observed contact between the H(N, , ) proton of a residue and the
NH(, ) proton of the i+j residue. The ‘sidechain-other’ label indicates
those NOE contacts between the aromatic sidechains and a proton of
another residue, the name of which is indicated at the end of the line.
An open rectangle indicates NOE contacts which are not observed
because of closeness to the spectrum diagonal, signal overlapping or
overlapping with water signal. The uncertainty in temperature
coefficients is ± 1 ppb K–1. The elements of secondary structure are
indicated at the top. Amino acids have been numbered according to
the intact protein.
αN(i, i+1)
βN(i, i+1)
γN(i, i+1)
side
chain-other
-∆δ/∆T
(ppb/K)
Amino Acid               I  Y  K  T  T  D  H  Y  Q  T  F  T  K  I  R
Residue 96 100 105 110
100 γ
99 γ
 6 4    6 4   4   6   5  5  7  7    5  7  8 8
β-strand4 Loop5 β-strand5
hydrophobic cluster similar to that found in folding simu-
lations.
Implications for protein folding
Turns are observed as intermediates in -helix/coil transi-
tions [34,35] on a time scale of nanoseconds or less [36]. So
far, the study of -turns and -hairpins has been restricted
to model peptides because the more interesting polypep-
tide chains have been very insoluble. Recently, however, a
native-like -hairpin conformation was found in an 18-
residue fragment of protein G [37] and evidence of -
hairpin-like conformation was also found for this fragment
in 6 M urea. These findings suggest that -hairpins or -
turns could play a role in the folding reaction during the
first events. 
The region comprising the -turn in barnase (residues
Ser92–Leu95) is well formed in its folding intermediate
[17]. It has been predicted to constitute an initiation site
for folding based on the hydrophobic surface buried upon
folding. Further, the chemical nature of two residues of
this region (Ser92 and Asp93) is conserved among other
members of the barnase family [38]. 
We have studied two fragments, B(69–110) and
B(80–110), containing the last -hairpin of barnase;
although the polypeptide sequences that are in common
have essentially the same chemical shifts, there are some
differences in the observed NOE contacts around the -
hairpin region. The sequential backbone NN(i, i+1) and
(i, i+3) contacts in B(80–110) involving residues
Ser92–Ile96 indicate that the backbone is adopting -
turn-like or -helix-like conformations (Fig. 6). We
suggest that these conformations are stabilized in
B(80–110) by the contacts between the sidechains of
Trp94 and residues involved in the -turn region. Also,
the involvement of tryptophan residues in local non-
random conformations has been described in the folding
pathway of basic pancreatic trypsin inhibitor [39,40] and
chymotrypsin inhibitor 2 [21,41]. On the other hand, we
do not observe all the medium-range and long-range
NOEs with the aromatic sidechain of Trp94 in B(69–110),
probably because of different conformations being occu-
pied by the aromatic moiety (Fig. 5). The presence of the
-strand2 in B(69–110) may shift the position of the aro-
matic ring of Trp94 towards more native-like positions,
although the same -turn conformation is maintained as
judged from the presence of similar NN(i, i+1) contacts.
This is consistent with, firstly, the H proton of Asp93 in
B(69–110) being closer to random-coil values than that of
the Asp93 in B(80–110) and, secondly, the deviations of
the chemical shifts of the NH protons of residues
Ile88–Tyr97 in B(69–110). 
Non-native aromatic–aliphatic contacts with the rest of the
aromatic residues (Phe82, Tyr90, Tyr97, His102, Tyr103
and Phe106) are observed in both fragments, indicating
that those hydrophobic contacts may be important for
local fragment preferences. The aromatic–aliphatic con-
tacts have been observed in other protein fragments and
their importance in stabilization of regular secondary
structure has been addressed [42]. 
The presence of non-native NN(i, i+1) NOEs in the edge
of -strand2 and loop4 also indicates that there are some
secondary structural preferences in these regions. These
regions do not form until late in the folding reaction of
barnase [19]. Thus, the sequential preferences observed
here, and in the denatured state of barnase [3], are not
productive for subsequent folding reaction. Also, similar
non-native NN(i, i+1) contacts in residues involved in -
strands have been observed in intact basic pancreatic
trypsin inhibitor under denaturing conditions [43,44].
Probably, these non-native interactions, as those described
with the aromatic sidechains, reflect the global search
through the conformational space during the first folding
events.
All these findings can be analyzed according to the nucle-
ation-condensation mechanism proposed recently in
folding of chymotrypsin inhibitor 2 [10,11] and in theoreti-
cal lattice simulations [12]. According to this model, a
nucleation site will develop in the transition state if it
makes enough tertiary contacts. Nucleation sites can be
unequivocally assigned by using both kinetic and struc-
tural analysis, the protein engineering method for the
former and NMR for fine analysis of the latter. The -turn
region and -helix1 in barnase bury a large hydrophobic
surface upon folding. Both regions are well formed in the
transition state of barnase [16], but there is very little
structure in short fragments containing -helix1 (less than
10%) [20,21]. Here, we observe no highly populated con-
formations in the -hairpin region, but non-native-like
hydrophobic clustering is observed around Ile88, Asp93,
Trp94, Leu95 and Ile96. Probably, these non-native inter-
actions rearrange when docking of this region with -
helix1 occur, i.e. when additional long-range interactions
are made. In contrast, the region forming -strand2 and
loop4 does not make extensive tertiary contacts. This pre-
cludes its consolidation as a nucleation site and its forma-
tion until late in the folding pathway. Thus, although in
-strand2 and loop4 there are secondary structural prefer-
ences (as judged from the sequential NN(i, i+1) contacts),
they do not constitute a nucleation site.
In conclusion, it appears that the -hairpin region in all
fragments analyzed is only weakly structured in early
stages of folding. Similar results have been found in -
helix1 (the other proposed ‘nucleation site’ in barnase),
although the structure seems to be native-like [20,21]. In
contrast, the structure in the -hairpin region is non-
native, but it is consistent with the suggestion that this
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turn could nucleate the -sheet fold. The non-native char-
acter of the structure could prevent aggregation and it
could reflect the conformational search in the first events
of folding reaction.
Materials and methods
Chemicals and buffers
Cyanogen bromide was purchased from Fluka. D2O was purchased
from Fluorochem Ltd. TSP was from Aldrich, and d3-acetic, and d3-
sodium acetate were from SIGMA. All other reagents were of analytical
grade and water was deionized and purified on an Elgastat system.
Mutagenesis and protein purification
Site-directed mutagenesis was performed as described previously
[20]. The mutants used here were Gly68→Met, Trp79→Met and
Leu95→Met, with methionine at positions 68, 79 and 95, respectively.
The positions of the mutation were specifically chosen at points
between elements of secondary structure that are largely exposed to
the solvent and make few contacts with other sidechains. Mutant pro-
teins were purified from the supernatant of an Escherichia coli culture
as described for wild-type enzyme [45]. Purified proteins were flash
frozen and stored at –70°C. 
Cleavage reaction
Lyophilized protein was dissolved in water at a final concentration of
1 mg ml–1. The pH of the solution was adjusted to 1.5 with HCl.
Cyanogen bromide was dissolved to a concentration of 3–5 mg per
mg of protein. The reaction was allowed to proceed at room tempera-
ture in the dark and was stopped after 8–10 h by adding four volumes
of distilled water to the mixture. The mixture was frozen in liquid nitro-
gen and lyophilized to remove the excess of reagents.
Purification of fragments
The lyophilized mixture cyanogen bromide cleavage reaction was puri-
fied using a Gilson HPLC apparatus with a Rainin-Dynamax reversed
phase semipreparative C8 column and an acetonitrile gradient (0.1%
TFA) with absorbance monitored at 280 nm. The molecular weight of
peptides was confirmed by matrix-assisted laser desorption time-of-
flight mass spectrometry. After purification, fragments B(69–110) and
B(80–110) were not soluble in aqueous buffer. Peptide concentrations
were determined from the extinction coefficient of model compounds
[46]. Purified peptides were lyophilized and stored at –20°C. 
1H nuclear magnetic resonance spectroscopy
Lyophilized protein fragments were dissolved in 0.5 ml 50 mM buffer
(sodium d3-acetate, pH 4.5) in 90% H2O/10% D2O or in the presence
of 6 M urea for B(69–110) and B(80–110). An 8 M urea stock solution
was prepared and the corresponding amounts were added to the NMR
samples to give a final concentration of 6 M urea. The pH was mea-
sured using a glass Russell electrode. No correction was made for
isotope effects. In the presence of urea, the pH was adjusted with
small amounts of NaOH or HCl to give a final value of 4.5. Fragment
concentrations were in the range 1–1.5 mM for B(96–110) and
2–2.5 mM for B(69–110) and B(80–110).
The spectra were recorded on a Bruker AMX-500 spectrometer at
5°C. 2D-NMR experiments were acquired in the phase-sensitive mode
using the TPPI method [47] with presaturation of the water signal
during relaxation delay. TOCSY [48,49], NOESY [50] and ROESY
[51] were recorded using standard phase-cycling sequences. Usually,
spectra were acquired with 2K data points in t2 and 256 t1 increments
with a spectral width of 8000 Hz in both dimensions. Typically, 128
scans were collected per t1 increment. In TOCSY experiments, a
70 ms mixing time, and 150 ms (and 125 ms) and 125 ms for NOESY
and ROESY experiments, respectively, were used. The temperature
dependence of amide signals of every fragment was followed by
TOCSY experiments at several temperatures within the 5–20°C range.
The temperature coefficients for each amide proton were obtained from
the slope of the least-square fit to a straight line. Also, a NOESY exper-
iment was acquired at 10°C to avoid overlapping of the signals at 5°C. 
Spectra were processed using BRUKER-UXNMR software on an
Aspect X-32 workstation. Prior to Fourier transformation, data matrix
was zero-filled to obtain a final matrix size of 2K × 512 words. The
square sine bell window functions, shifted /4 in both dimensions,
were applied for all spectra. The phase shift was optimized for every
spectrum and polynomial base-line correction was applied in all cases
in both dimensions. 1H chemical shifts are quoted relative to external
TSP (0.0 ppm), under the same conditions used in the experiments.
The complete assignment of the 1H NMR spectra of each peptide in
aqueous and urea solutions was performed by using the sequence-
specific method [26]. 
Supplementary material
1H assignments are available as Supplementary material published with
this paper on the internet.
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